This work presents the plasma-fluidic actuator as a new type of flow control actuator. The device combines the best features of plasma actuators and fluidic oscillators to create an actuator that decouples the actuation frequency from the flow rate and overcomes the velocity limitations of the plasma actuator. Plasma actuators are used to effectively switch a high momentum jet between Coanda attachment walls by inducing a flow asymmetry across the nozzle of a fluidic oscillator. In this manner the device effectively serves as a fluid amplifier. Switching time, defined as the delay between the plasma initiation and completion of the switching process between opposing attachment walls, is used as a metric to quantify the performance of these new devices. In these tests the jet issuing from the plasma-fluidic actuator was switched between attachment walls in as little as 19 ms. Results indicate that the switching time decreases as the power of the plasma actuator increases. Furthermore, switching times decrease with decreased velocity, as the plasma has more substantial control authority over the primary jet. This new flow control actuator concept has the potential of being used in many applications such as thrust vectoring and jet flow mixing.
I. Introduction
LOW control is a rapidly developing field in applied fluid dynamics, with much of the work focused on actuator development, sensor systems, control logic, and applications. Flow control actuators are devices that are used to enact large-scale changes in a flowfield. Often these changes are focused on improving the performance of a flight vehicle -by delaying stall, reducing drag, enhancing lift, abating noise, reducing emissions, etc. In many flow control situations, unsteady actuation is required for optimal performance. Unsteady actuators are particularly beneficial in closed-loop control applications when the unsteady actuation can be controlled and synchronized with characteristic time scales of the flowfield. Common flow control actuators include synthetic jets, 1 piezoelectric benders for direct excitation, 2 powered resonance tubes (also known as Hartmann whistles), 3, 4 plasma actuators, [5] [6] [7] [8] [9] pulsed jets, 10 and steady blowing 11 or suction. 12 These devices and concepts all have inherent strengths and some limitations. Thus, the selection of a flow control actuator often is driven by the requirements of the application.
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The ideal actuator will have a high frequency bandwidth and direct control by an electrical signal for closed-loop applications. The device should be simple and robust for reliable flight operations -devices with few moving parts are desirable for mechanical reliability. The ideal actuator should also be capable of a large range of flow rates -but only enough for sufficient control authority. Some applications require large flow rates that current actuators cannot deliver. Jet thrust vectoring on a flight vehicle is one such example. Miller 13, 14 has specified that the ideal actuator for this application is a pulsed jet that operates at 1 kHz with 100% modulation of the jet at sonic conditions. The focus of this work is development of a plasma-fluidic actuator towards these design goals. The concept of a plasmafluidic oscillator is derived from the integration of existing plasma actuators and fluidic oscillators.
A. Fluidic Oscillators
The fluidic oscillator is a device that generates an oscillating or pulsed jet when supplied with a pressurized fluid. Typical oscillators are bi-stable devices that operate on the principle of wall-attachment. The development history of fluidic oscillators is well documented in published literature. [15] [16] [17] [18] Fluidic oscillators have been used in many diverse applications, such as windshield washer fluid nozzles, 19 flow rate metering, [20] [21] [22] and flow control applications such as cavity resonance tone suppression, 23, 24 jet thrust vectoring, 25 and enhancement of jet mixing. 26, 27 The fluidic oscillator operates based on the principle of wall attachment, as shown in Figure 1 . When a jet of fluid is adjacent to a wall, entrainment of flow around the jet causes a low-pressure region between the wall and the jet that draws the jet closer to the wall. Thus, the jet will deflect until it has attached to the wall. This principle was observed by Henri Coanda in the 1930's 28 and was later named the Coanda effect. 29 The Coanda effect is most commonly encountered in daily life by observing a stream of water from a faucet attach to one's hand when the two are brought close together. Coanda noticed this phenomenon and applied the principle to steering streams of fluid.
If there are two adjacent walls, such as the symmetric configuration shown in Figure 1 , the jet will randomly attach to one wall or the other, based on the randomness of turbulence in the flow. Now, if a pressure pulse is introduced at the control port perpendicular to the jet, the jet will detach from the wall and re-attach to the opposite wall. This occurs through the creation of a separation bubble between the jet and the wall. As more fluid is injected from the control port, the separation bubble enlarges and extends downstream until the jet has entirely separated. The pressure differences and momentum of the separation process then cause the jet to re-attach to the opposite wall. If the two control ports are set up with a feedback loop system, then the fluidic device can create self-sustained oscillations. This is the typical arrangement of many traditional fluidic oscillators. The disadvantage of this arrangement, however, is that the frequency of oscillations is directly coupled to the flow rate of the device. Previous work in the development of a piezo-fluidic actuator has been successful in decoupling the oscillation frequency from the flow rate.
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B. Plasma Actuators
Plasma actuators are a new type of flow control actuator that are currently under development. The phenomenological basis of the actuator is a single dielectric barrier discharge. The plasma is formed by applying a high-frequency, high-voltage AC signal across an asymmetric pair of electrodes separated by a dielectric barrier, as shown in Figure 2 . 5, 6 The strong electric field ionizes air molecules in the region above the insulated electrode, forming plasma which extends from the exposed electrode down the length of the insulated electrode. A typical example of the plasma formation over the insulated electrode is given in Figure 3 . The plasma induces a velocity in the surrounding fluid that serves as the mechanism for flow control actuation. Prior work has shown that the plasma discharge has significant temporal variation in response to the sign and shape of the applied voltage waveform. On the negative-going portion of the AC signal (termed the "forward stroke"), electrons are repelled from the exposed electrode and deposited on the surface of the dielectric material. On the subsequent positive-going portion of the signal (the "backward stroke"), the deposited electrons are drawn back towards the exposed electrode. The electron movement serves to ionize the air, generating charged particles which are subsequently accelerated through the electric field. The momentum of the accelerated charged particles is then transferred to the surrounding air through collisions with neutral particles. This momentum transfer occurs very close to the surface of the actuator itself, typically in the sub-boundary layer region. 31 Plasma actuators are driven exclusively by the electrical drive signal and require no external air supply. These features, along with the arbitrary driving frequency, make the plasma actuator a very attractive flow control actuator for applications such as separation control. The primary limitation of plasma actuators, however, is the limited momentum that they can impart to the flowfield. 
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C. Plasma-Fluidic Design
The momentum added to the flow from a plasma actuator, although adequate for some flow control applications, is still low. Conversely, the response from the actuator occurs at very short time scales, which is advantageous for unsteady actuation. When a plasma actuator is coupled with a fluidic oscillator, however, the flow induced by the plasma is amplified and control authority is enhanced. Plasma actuators are integrated into the fluidic oscillator geometry by mounting them in the control ports of the device, as shown in Figure 4 and Figure 5 . When the plasma actuator is turned on, flow is induced through the control port on the attachment side, which enlarges the separation bubble between the jet and the wall. As the plasma actuator continues to inject mass flow, the separation bubble enlarges to the point where it extends along the entire length of the attachment wall, causing the jet to completely separate from the wall. Once this has occurred, the added cross-jet momentum from the plasma actuator causes the jet to move across the nozzle to the opposite attachment wall.
The fluidic oscillator developed for these experiments is relatively small, as shown in Figure 4 , leaving little room for integration of the plasma actuator. The desirable location for the plasma actuator is in the control port, oriented to induce flow downwards into the flow exiting the nozzle, as shown in Figure 5 . The fluidic oscillator is approximately 1/2" in depth, which allows little spanwise room for the plasma actuator. Thus, a slot was cut into the control port of the fluidic oscillator to allow for mounting of a larger span actuator. This configuration helps prevent arcing over the spanwise edges of the actuator, as discussed later in more detail.
D. Objectives
The objective of this work is to characterize this newly invented plasma-fluidic actuator. A thorough initial characterization of the flow can provide insights into the fluid dynamics occurring within the system and recommendations for further research and development. The prime characteristic of interest was switching timethe time it takes the flow to move to the opposite wall after the plasma is turned on. With two plasma actuators, the switching may be repeated in succession, pushing the main jet back and forth between the attachment walls. Switching time is half of that cycle and was measured using a hot film probe to record the velocity time history. Switching times were recorded for multiple flow velocities and plasma power levels. Furthermore, velocity measurements were recorded across the exit plane of the actuator in order to study the mechanisms of the switching process. Repeatability of the switching time was also evaluated at multiple velocity levels. 
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II. Experimental Setup
The experimental setup consisted of three primary groups of equipment: the pressure supply to the plenum of the actuator, the driving electronics for the plasma actuator, and the measurement instrumentation system for recording the switching time. All of the testing was performed in a bench top environment.
The velocity of the jet flowing through the actuator was controlled by the plenum pressure. Compressed air (120 psig) was passed through a pressure regulator (Master Pneumatic R55) which fed the plenum for the nozzle. A pressure transducer (Baratron 223 BD -00001AAB) measured the gage pressure in the plenum. The pressure transducer has a range of 1 Torr.
The switching was initiated by the plasma actuator. A function generator (Agilent 3312A) created a 2.0 Vpp, 5 kHz sine wave to drive the plasma actuator. This signal was amplified by a QSC Audio RMX-2450 power amplifier and the voltage was stepped up by a Corona Magnetics 1:137 transformer (CMI-5012) before being applied to the plasma actuator. A Tektronix P6015A high voltage probe monitored the secondary voltage from the transformer and a Pearson 2100 current monitor measured the current waveform. The voltage and current waveforms were recorded with a Tektronix TDS 3052B 500 MHz digital oscilloscope.
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A hot film anemometry system was used to record the switching time of the jet issuing from the plasma-fluidic actuator. The hot film probe (TSI 1210-60) was oriented perpendicular to the nozzle exit plane, pointing into the nozzle 0.5 mm away from the nozzle exit and 2 mm from the outside wall, as illustrated in Figure 6 . The hot film probe was positioned on the unattached side of the nozzle so that the signal begins near zero velocity and increases to the final value as the jet flow is switched to the probe location. Data acquisition was performed with a TSI IFA-100 signal conditioning unit and digitized with a PowerDAQ A/D converter at 150 kHz. Timing of the data acquisition process was initiated by a pulse signal that also turned on the plasma actuator. This equipment setup was used to record the velocity time history and calculate the switching time for four different test conditions. Three jet velocities as well as two plasma power levels were tested. One hundred measurements or time histories were acquired for each test case. In addition, time-resolved jet profile measurements were made to study the mechanics of the switching process. The hot film probe was traversed across the exit plane of the actuator at 26 equally-spaced spanwise locations. Twenty measurements were acquired at each measurement location, with the traverse plane being parallel to the nozzle exit plane.
Plasma
Electromagnetic interference (EMI) from the plasma actuator presented a challenge to the data acquisition process. A strong 5-kHz noise signal is emitted by the plasma actuator as soon as the actuator is turned on. The hot film probe is much like an antenna that receives this noise signal, which can easily dominate the velocity measurements. Thus, the 5-kHz noise was attenuated in the hot film probe signal through digital filtering. A lowpass Chebychev-II filter with a cutoff frequency of 1000 Hz was used to remove the EMI. The switching time is then determined from the velocity time history by calculating the difference in time between plasma initiation and when the velocity reaches 63.2% of its final value. The velocity time histories are averaged together for each case with t=0 set to when the plasma turns on. The average switching time is calculated from these averages just as for each case.
III. Results and Discussion
A. Switching Time
One objective of this work is to measure the switching time of the flow exiting the jet of the nozzle. After 100 measurements for the high velocity (P plenum = 0.2 Torr gage, V final ≈ 8 m/s) and high power (400 mW) case, the average switching time was found to be 43 ± 26 ms (the time between plasma initiation and the flow velocity reaching 63.2%, or one time constant of it's final value). The ±26 ms variation in switching time, the standard deviation of 100 measurements, is due to variation in the response of the plasma-fluidic device rather than an uncertainty in the measurements. Velocity time histories for this test are shown in Figure 7 ; both an individual time history record and the ensemble average are represented. The single-event time history reveals that the transition in velocity between quiescent conditions and complete jet flow occurs very rapidly -on the order of 5 ms. There was a significant delay of about 55 ms before the jet switch in this instance, however. The much more gradual rise time indicated in the average waveform is due to the variability in the delay before jet switching. The actual rise time for each individual case is quite rapid, but the strong variability in the delay before switching causes the averaged waveform to exhibit a gradual rise. Thus, the predominant contributor to the switching time is the length of time required for the separation bubble to enlarge and fully separate the jet from the attachment wall. For comparison to other fluidic oscillators, a maximum switching frequency can be determined. The corresponding period is the time required for the jet flow to complete one switching cycle by separating from the initial attachment wall, traversing American Institute of Aeronautics and Astronautics the nozzle exit, attaching to the opposite attachment wall, and subsequently switching back to the initial wall. For this case, the associated max switching frequency is 12 Hz. 
B. Traverse Measurements
The measurements from the traverse are shown in Figure 8 , providing a time history of the flow switching process as the jet traverses across the nozzle. This figure is an averaged representation of the flow from 20 measurements taken at each of 26 locations. A time history record was measured for each location across the jet. Since t = 0 ms is a well-defined condition (plasma initiation), and assuming that the switching process is repeatable, jet profiles were constructed as a function of time.
The first curve represented in Figure 8 is at a time 20 ms after plasma initiation. Jet profiles before this time do not show any variation because the effects of the plasma-induced control flow have not yet affected the jet at the exit of the actuator. This lag is the time it takes for the plasma to influence the flow and reach the hot film probe. If the probe were located deeper within the nozzle and closer to the plasma, the lag would be less. The switching initiates at the throat of the nozzle and moves outwards to the nozzle exit as the separation bubble travels down the wall, where the change is finally sensed by the hot film probe. With the whole switching taking approximately 55 ms according to Figure 8 , this switching delay is over one third of the total switching time. Decreasing the length of the attachment wall will decrease this lag, thereby decreasing the overall switching time.
The effects of the plasma are first observed in the t = 25 ms curve. The peak velocity increases at this point in time, and the total integrated area under the velocity profile increases as well. The difference in the integrated areas between the t = 20 ms and t = 25 ms curves is most likely due to the added momentum from the plasma actuator. As the plasma actuator induces airflow in the control port, extra momentum is added to the jet and the separation bubble is enlarged. In this case, the effects of the plasma actuation required about 20 ms to convect downstream to the exit of the actuator. Once the jet has separated from the attachment wall at a time of 20 ms, it traverses across the exit plane of the nozzle to the opposite attachment wall. This process occurs within 25 ms, and is driven by the strength of the control flow produced by the plasma actuator. As the jet traverses between the attachment walls, the maximum velocity of the jet decreases from about 8 m/s to 7 m/s, and the jet profile broadens slightly. Once the jet has re-attached to the opposing wall, the peak velocity is restored to the original velocity.
American Institute of Aeronautics and Astronautics 
C. Velocity / Power Variations
The flow velocity was varied to test for coupled switching times and to observe the effect of different velocities. Velocity time histories shown in Figure 9 demonstrate the effect of jet exit velocity and plasma power on the switching time. Each time history shown is an ensemble average of 100 measurements. Results in Figure 9 demonstrate that the switching time increases as velocity increases. At low velocity (~5 m/s) and the maximum plasma power available (400 mW), the switching time is only 19 ± 1.5 ms. At a higher velocity (~ 8 m/s) and the same power level, the switching time is 43 ± 26 ms. As the jet exit velocity increases, the ratio of the primary jet momentum to the control flow momentum increases because the flow induced by the plasma actuator is held constant for a given power level. Thus, a higher-momentum jet is more difficult to switch, i.e. the control authority of the plasma actuator decreases with higher momentum of the primary jet. 
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When the power is decreased from 400 mW (the typical power dissipation level for these tests) to a reduced power level of 345 mW, the switching time increases from 43 ± 26 ms to 75 ± 30 ms. This characteristic is also indicative of the reduced control authority of the plasma actuator. The flow velocity induced by the plasma actuator is directly coupled to the power dissipated by the plasma. Thus, lower control flow rates are produced at lower power levels, and the jet switching process is lengthened. For optimal operation of the plasma-fluidic actuator and minimal switching times, the plasma actuator should be operated at the maximum power possible. This power dissipation level will be limited by the physical configuration of the device as arcing can occur at high power levels.
An interesting characteristic of the two low velocity cases (5 and 6 m/s) is the overshoot of the final velocity immediately following the completion of jet switching. This peak is approximately 1 m/s above the average final velocity for each case. Since hot film probes cannot resolve flow direction, this flow could be either out the nozzle or across the nozzle. It is possible that the horizontal velocity of the flow switching across the nozzle could add to the outward velocity of the exit flow for an increased magnitude, as measured by the hot film probe. An estimate for this switching velocity can be obtained by examining the results presented in Figure 9 . The span across the nozzle opening is 20 mm wide and the switching time is approximately 25 ms, resulting in a switching velocity of 0.8 m/s, which is on the same order of magnitude as the spike observed in the velocity time histories. This phenomenon is indiscernible at the higher velocities because of the large variance and the ensemble averaging.
D. Variability in Switching Time
The variability in the switching time over a sample size of 100 measurements is an indicator of the reliability of the switching process. This also indicates how close the test conditions are to the capability threshold of the plasma actuator's ability to switch the flow. Prior work has shown that the control flow necessary for switching of the primary jet yields a momentum ratio of at least 10%, i.e. the momentum from the control jet must be at least one tenth the momentum of the primary jet in order for switching to occur. 32 The variability in the switching time measurements for each of the four test conditions are shown in the histograms in Figure 10 . The low (~ 5 m/s) and medium (~ 6 m/s) velocity cases show very tight groupings of the switching times, where the standard deviation is ±1.5 m/s and ±2.1 m/s, respectively. In contrast to these cases with low variability, the high velocity (~ 8 m/s) case exhibits significantly greater variation (±26 m/s) at the same power dissipation level (400 mW). This indicates that the high velocity case is near the limit of jet velocities that can be reliably switched by the plasma actuator. Furthermore, when the power dissipation level for the high velocity case is decreased, the variability of the switching time measurements increases to ±30 m/s. This indicates that the control authority of the plasma actuator is further reduced by the reduction of plasma power and consequently induced control flow.
E. Uncertainty
Since the switching time is determined by the difference between two time values, there is no bias error in the time measurement. The precision error will be dictated by the temporal resolution of the A/D board. With a sampling rate of 150 kHz per channel, the minimum time resolution is 6.7 µs per sample. Thus, the uncertainty in the switching time measurement is ±6.7 µs, which is several orders of magnitude smaller than the typical values being measured in this study. Furthermore, the variability in the switching time (due to the fluid dynamics of the configuration) dominates the repeatability of the experiments.
Velocity measurements had uncertainty in the calibration curve and the standard deviation of the velocity for each case. Error from the calibration curve, the bias error, was taken from the root mean square error of the calibration curve fit and was 0.156 m/s. The largest standard deviation of all the cases was used to obtain a conservative estimate of uncertainty in velocity. This standard deviation was 3.42 m/s, and there were 100 separate measurements taken. The total uncertainty in velocity from these two errors is 0.7 m/s.
The 120 psig shop air supply that was used in this experiment exhibited small, uncontrollable fluctuations in the supply pressure. Due to these pressure fluctuations, the supply pressure to the plenum of the plasma-fluidic actuator was kept within ±0.010 Torr of the target pressure throughout each test. This variation in supply pressure did not appear to have an effect on the switching time. Uncertainty of the pressure measurements is derived from the bias error of the pressure transducer (0.005 Torr) and the limiting pressure range due the fluctuating air supply (0.010 Torr). No standard deviation was used because only one pressure measurement was taken for each case. The root sum square of both of these values is 0.011 Torr. This value represents a 5.6 to 11.2% uncertainty in the pressure measurements, depending on the test case. 
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IV. Conclusion
The major achievement of this research is the creation of a functional plasma-fluidic oscillator. This new flow control actuator effectively switched a relatively high momentum jet with a small input from the plasma actuator. The results indicate that it is a good candidate flow control actuator and it serves as a flow amplifier. Also, the results show that if the power is increased, the switching time will decrease. At higher velocities, the switching time will increase, illustrated by the varied velocities tested. At the lowest velocity and highest power tested (5 m/s, 400 mW), the switching time was 19 ms. The switching time increased up to a value of 75 ms for the high velocity, low power case (8 m/s, 345 mW). The associated switching frequencies ranged from 26 Hz for the low velocity, high power case down to 7 Hz for the high velocity, low power case.
In order to decrease the switching time, the plasma power dissipation should be increased. The most significant obstacle to this is geometrical limitations, where high power levels can induce arcing across the electrodes of the confined configuration. Another strategy for decreasing the switching time would involve a repositioning and reconfiguration of the plasma actuator for optimal flow interaction. Over one third of the switching time is attributed to a time lag as the induced flow from the plasma convects downstream to influence the exit flow. To decrease this, the plasma actuator should be positioned closer to the nozzle exit within the control port. Furthermore, a decreased nozzle length will also decrease the convection time causing the initial delay.
Future efforts will also focus on the implementation of a more efficient plasma actuator. The plasma power dissipation was fairly low, being limited by dielectric and geometric constraints. The dielectric material may be optimized for the actuator to produce higher induced velocities in the control port. In future work the plasmainduced control velocity will be measured in order to determine the gain of jet exit velocity to plasma velocity necessary to switch the flow. Future work will also involve computational simulations and theoretical analysis, in conjunction with the existing experimental results, to investigate the optimum coupling of momentum from the plasma actuator to the primary high-momentum jet.
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